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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction Experimental setupSemiconductor lasers with optical feedback have proven to be
very useful devices in practical applications such as chaos based
communication encryption systems and chaotic lidars [1–3]. Two
aspects turned out to be essential for the observation of chaos in
these systems, that is, the delay in the round trip of the light in
the cavity and the nonlinearity in the interaction of the light with
the semiconductor medium [4,5]. A semiconductor laser can be
stabilized by introducing an external perturbation such as an
external optical feedback [6], or optoelectronic feedback [7]. The
dynamical behaviour of semiconductor lasers with external optical
disturbance was broadly studied [8–10]. Lang and Kobayashi
examined feedback-induced instabilities and chaos in semiconduc-
tor lasers [11]. The collapse of coherence by increasing the degrees
of freedom of the laser from two to three degrees using a delayed
optical feedback was investigated by Tromborg and Mork [12].
Many critical parameters, comprising feedback strength, feedback
delay, pump current, feedback type and laser nonlinearities affect
the dynamics of semiconductor lasers with external cavities [13].
In this work, we investigate the effects of an optical feedback
using an optical fibre coupler as a loop mirror. The timescale of
the observed dynamics (few ns) is entirely determined by the delay
introduced by the optical feedback. In our investigation, we consid-
ered the impact of different control parameters such as the bias
current and the optical feedback strength and the effect of a mod-
ulation applied to the bias current.We generated chaotic dynamics in our semiconductor laser by
introducing a coupled optical feedback. The experimental setup
consists of a single-mode semiconductor laser (1550 nm wave-
length) with the optical feedback provided by an optical fibre
closed loop (Fig. 1). The pigtailed laser output is connected to Vari-
able Optical Attenuator (VOA) which in turn is connected to two
12 directional couplers (12 DC, 90%:10% and 1X2YC, 50%:50%)
to form a fibre loop mirror. We realize the loop by connecting
the two output branches of the Y-coupler. The reflected light from
coupler is split into two parts; the first one provides the optical
feedback to the cavity of the semiconductor laser whilst the other
is connected to a high-speed InGaAs photodetector with response
time <1 ns. The photodetector is connected to a sampling digital
storage scope (LeCroy 500 MHz). In our experimental configura-
tion, it is possible to introduce a modulation of the driving current
of the semiconductor laser by means of an external sinusoidal
function generator.
Experimental results and discussion
The influence of the bias current
After closing the optical feedback loop, the laser output inten-
sity is observed and recorded on a high-speed digital oscilloscope.
We performed the temporal and spectral analysis of the chaotic
spiking evolution of the laser intensity using the bias current as a
control parameter (see Figs. 2–5). We observe that the laser inten-
sity is chaotic in the whole range of the control parameter. Both the
Fig. 1. Experimental setup of a semiconductor laser with optical feedback using two 12 directional couplers. Red lines indicate the optical path, the black lines indicate the
electrical connections. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Experimental time series of the laser intensity (a) and its corresponding FFT spectrum, (b) when the bias current of laser is 10 mA.
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Fig. 3. Experimental time series of laser intensity (a) and its corresponding FFT spectrum, (b) when the bias current of the laser is 15 mA.
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Fig. 4. Experimental time series of the laser intensity (a) and its corresponding FFT spectrum, (b) when the bias current of the laser is 20 mA.
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Fig. 5. Experimental time series of system (a) and its corresponding FFT spectrum, (b) when the bias current of laser diode is 25 mA.
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Fig. 6. Bifurcation diagram of chaotic laser intensity as a function of the injected
bias current.
B.O. Rasheed et al. / Results in Physics 6 (2016) 401–406 403spiking rate and amplitude of the chaotic signals increase with
increasing injection bias current.
Fig. 6 shows the bifurcation diagram obtained by plotting the
peaks of the laser output intensity as a function of the bias current.
For low values of the bias current the dynamics of the oscillator is
chaotic with small amplitudes, for higher values the dynamics
remains chaotic but with high amplitudes.
The influence of the optical feedback
The other control parameter for generating chaotic behaviour in
the laser is the optical feedback (OBF). Here we used the voltage-0,015
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Fig. 7. Time series of the laser intensity (a) andamplification factor Av (amplification of the detector output vol-
tage) to control the optical feedback. The optical feedback was
investigated by keeping constant bias current at a relatively high
value (I = 19.5 mA).
Figs. 7, 8 and 9 show the time series and the corresponding
spectra for increasing values of the optical feedback strength. We
observe that the intensity of the chaotic behaviour increases with
increasing values of Av. Chaotic signals are characterized by a con-
tinuous spectrum over a limited range. Thus, the energy is spread
over a wider bandwidth.
Fig. 10 shows the bifurcation diagram of the laser output inten-
sity as Av is increased. Also in such a case, the dynamics of the laser
is chaotic and its amplitude increases with the amplification factor
Av.Effects of a modulating frequency
The intrinsic dynamic resonance in the photon-carrier interac-
tion determines the modulation response of semiconductor lasers.
In order to investigate this effect, the laser has been directly modu-
lated by an external periodic signal (function generator in the
experimental set up). The bias current is set at 19.5 mA. To obtain
a quantitative measure of this modulation we introduce the signal
to noise ratio (SNR) of the power spectrum for each value of the
modulating frequency. The SNR is defined as SNR ¼ 10 log PsPn
 
,
where Ps is the signal power at the given modulating frequency
and Pn is the value of the power in the absence of the external
modulation. The power spectra of the laser output signals for three
values of the modulation frequency (80, 90 and 100 MHz) are
reported in Figs 11–13. The corresponding SNR values are 56.65,
48.67, and 64.18 dB, respectively.0 50 100 150 200 250
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its corresponding FFT, (b) when Av = 0.06.
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Fig. 8. Time series of laser intensity (a) and its corresponding FFT, (b) when Av = 0.1.
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Fig. 9. Time series of the laser intensity (a) and its corresponding FFT, (b) when Av = 0.45.
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Fig. 10. Bifurcation diagram of the laser intensity vs the amplification factor of
feedback strength Av.
404 B.O. Rasheed et al. / Results in Physics 6 (2016) 401–406Fig. 14 shows the maxima of laser intensity as a function of the
frequency at a fixed value of its amplitude of 50 mV. We can see
that the magnitude of chaotic behaviour is fluctuating with a broad
peak around 50 MHz which approximately corresponds to the
relaxation frequency of the used semiconductor laser.
Dynamical model
The static characteristics of semiconductor lasers with optical
feedback can be theoretically investigated by the relationsamongst the reflectivity of the internal cavity and external reflec-
tor, the gain of the laser medium, and other static parameters.
The laser dynamical features are described by differential equa-
tions for the electric filed, polarization and population inversion.
As a semiconductor laser is a class B laser, the polarization term
can be adiabatically eliminated and its effect replaced by the linear
relation between the electric field and the polarization. The popu-
lation inversion in a semiconductor laser is the carrier density N
produced by electron-hole recombination. The photon number
(which is proportional to the square of the electric field) and the
carrier density are frequently used as the variables of the rate
equations for semiconductor lasers. The dynamics of a single mode
semiconductor laser with optical feedback has been modeled by
Lang and Kobayashi [11], which is one of the historical milestone
papers on chaotic dynamics of semiconductor lasers. The model
is referred to as the Lang–Kobayashi equations, which includes
the effect of a time-delayed optical feedback. The Lang–Kobayashi
equations for the complex amplitude electric field E(t) and the car-
rier number N(t) are written as follows [11]:
dEðtÞ
dt
¼ 1
2
ð1þ iaÞ½GðtÞ  cEðtÞ þ KEðt sf Þ expðxsf Þ
þ rEðt sf Þ expðxsfÞ þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2bNðtÞ
p
X ð2:1ÞdNðtÞ
dt
¼ i
q
 cdNðtÞ  GðtÞjEðtÞj2 ð2:2Þ
where G(t) is the optical gain that is defined as GðtÞ ¼ g½NðtÞN
1þsjEðtÞj2 , i is
the bias current, jEðtÞj2 is the laser intensity or the number of
photons inside the cavity, that is I ¼ jEðtÞj2. In our numerical simu-
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Fig. 11. Time series (a) and corresponding FFT spectrum, (b) at a modulating frequency 80 MHz.
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Fig. 12. Time series (a) and corresponding FFT spectrum, (b) at a modulating frequency 90 MHz.
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Fig. 13. Time series (a) and corresponding FFT spectrum, (b) at a modulating frequency 100 MHz.
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Fig. 14. Bifurcation diagram of the laser intensity as a function of the external
modulation frequency.
B.O. Rasheed et al. / Results in Physics 6 (2016) 401–406 405lations, a set of typical semiconductor laser parameters are consid-
ered as a linewidth enhancement factor a ¼ 1:5, transparency car-
rier number N ¼ 1:5 108, differential gain coefficient
g ¼ 1:5 104, gain saturation coefficient s ¼ 5 107, photon decay
rate c ¼ 500 ns1, carrier decay rate cd ¼ 0:5 ns1, spontaneous
emission rate b ¼ 1:6 106 ns1, delay time sf ¼ 10 ns, feedback
strength K ¼ 20 ns1, and injection strength r ¼ 20 ns1. The initial
conditions are: E(0) = 0.001, N(0) = 0.1.
Fig. 15 shows the numerical bifurcation diagram as a function of
the bias current (the feedback strength is fixed at K = 20 ns1). We
can observe different transitions from regular to irregular beha-
viour as the bias current is increased.
Fig. 16 shows the laser intensity bifurcation diagram as a func-
tion of the optical feedback strength. In this diagram, we have
stable equilibrium solutions with zero intensity up to a value of
Fig. 16. Numerical bifurcation diagram. Laser intensity maxima vs feedback
strength.
Fig. 15. Numerical bifurcation diagram. Laser intensity maxima vs bias current.
406 B.O. Rasheed et al. / Results in Physics 6 (2016) 401–406the feedback strength K = 0.3 ns1. A periodic oscillation appears at
K = 0.3 ns1. A further increase in the feedback strength leads tochaos (0.85 ns1). Chaotic behaviour gradually increases with the
feedback strength.
Conclusions
We experimentally and numerically explored the chaotic
dynamics of a semiconductor laser with incoherent optical feed-
back obtained by means of a fibre loop mirror. Both bias current
and optical feedback influence the chaotic behaviour which
increases with increasing values of the two control parameters.
When a modulating frequency is considered, we observe a reso-
nance effect with the intrinsic relaxation oscillation of the laser.
This effect could be used to hide information with a high degree
of masking.
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